A green one-step approach has been developed for the synthesis of amino-functionalized magnetite nanoparticles. The synthesis was accomplished by simply mixing FeCl 2 with arginine under ambient conditions. It was found that the Fe 2+ /arginine molar ratio, reaction duration and temperature greatly influence the size, morphology and composition of magnetic nanoparticles. The arginine-stabilized magnetic nanoparticles were characterized by transmission electron microscopy, x-ray diffraction, x-ray photoelectron spectroscopy, thermogravimetric analysis, and Fourier transform infrared spectroscopy techniques. The results show that the prepared nanoparticles are spherically shaped with a nearly uniform size distribution and pure magnetite phase. The presence of arginine on the magnetic nanoparticle surface has been confirmed and the amount of surface arginine varies with the Fe 2+ /arginine molar ratio. The surface amine densities are calculated to be 5.60 and 7.84 μmol mg −1 for magnetic nanoparticles prepared at 1:1 and 1:2 Fe 2+ /arginine molar ratio, respectively. The as-synthesized nanoparticles show superparamagnetic behavior at room temperature and good solubility in water. In addition, using a similar synthesis procedure, we have been able to synthesize superparamagnetic manganese and cobalt ferrite nanoparticles.
Introduction
In the past decade, the synthesis of superparamagnetic nanoparticles has been intensively pursued not only for fundamental scientific interest but also for many technological applications, such as in magnetic storage media [1] , biosensing [2] , targeted drug delivery [3] , magnetic resonance imaging (MRI) [4] and immunosorbent assay [5] . The most attention has been paid to iron oxide nanocrystals, especially those of magnetite (Fe 3 O 4 ), because of their biocompatibility and stability under physiological conditions. A common preparation method is the coprecipitation technique which is a simple and effective aqueous chemical pathway by which 3 Author to whom any correspondence should be addressed.
to obtain magnetite nanoparticles [6] . However, the asprepared nanoparticles suffer from broad size distributions, irregular crystallite shape, and poor crystallization due to the trouble in controlling the nucleation and growth rate in the fast reaction system. A great many nonaqueous routes have been successfully utilized to prepare highly crystalline and uniformly sized magnetite nanoparticles, including the organic colloid method [7] , the reverse micelle method [8] , the interfacial coprecipitation method [9] , the solvothermal reaction [5, 10] , the high-temperature hydrolysis reaction [11] and the thermal decomposition or reduction method [7a, 12] . Nevertheless, expensive and often toxic reagents, complicated synthesis steps and high reaction temperatures hinder, to some extent, their economic production and biological utilization. From the synthesis point of view, an important goal will be preparation of such nanoparticles using innoxious and cheap reagents without complicated operating steps. The facile and green preparation of Fe 3 O 4 nanoparticles still remains a great challenge.
For many practical applications of magnetic nanoparticles, surface modification with active groups is often a crucial part of material processing, and is the basis for their functionality. Two of the most attractive surface functionalities are the carboxyl and primary amino groups, which are especially useful for the immobilization of various molecules of biological interest. Surface modification with active groups can be achieved by direct synthesis or post-synthesis treatment [13] . Due to its facility without causing attenuation of the magnetic property, the direct synthesis seems to be more promising. For example, magnetite nanoparticles with carboxyl groups have been prepared via the chemical precipitation method [14] or the high-temperature hydrolysis approach [11a, 11b] . One-step solvothermal or thermal decomposition processes have been used to fabricate aminofunctionalized magnetite nanostructures [5, 10b, 12a, 15] . However, rigorous reaction conditions (high temperature) or biotoxic reactants (hexamethylenediamine or ethylenediamine) are usually needed for the formation of amino-functionalized magnetite nanoparticles. Recently, a simple one-step process of precipitating Fe 2+ ions in the presence of dodecylamine (DDA) has successfully prepared amine-stabilized iron oxide nanoparticles [16] . Unfortunately, a washing process that uses copious amounts of acetone is required to remove excess of surfactant DDA. The motivation for our work stems from the need for a direct synthesis of amino-functionalized magnetite nanoparticles under ambient conditions employing environmentally friendly reagents.
In this paper, we report a facile and green aqueous approach to the synthesis of amino-functionalized magnetite nanoparticles from a single FeCl 2 iron precursor using arginine as the alkali medium, stabilizer and amino-functionalizing agent (scheme 1). Capping of iron oxide nanoparticles with arginine molecules makes them biocompatible and highly water dispersible. Although amino acids have been involved in the preparation or stabilization of magnetite nanoparticles [17] , to the best of our knowledge, this is the first report of direct synthesis of magnetite nanoparticles using only FeCl 2 and an amino acid under ambient conditions. We demonstrate that the Fe 2+ /arginine molar ratio, reaction duration and temperature greatly influence the size, morphology and composition of the product offering a means to synthetically control the physical properties of these superparamagnetic nanoparticles. Additionally, manganese and cobalt ferrite nanoparticles can also be obtained under similar reaction conditions.
Experimental section

Materials
Iron ( 
Synthesis of magnetic nanoparticles
In a typical experiment, 50 ml of an aqueous 20 mM FeCl 2 solution was mixed with an equal volume of an aqueous 20 mM arginine solution under a nitrogen atmosphere at 15
• C with vigorous stirring. The as-synthesized iron oxide nanoparticle solution was subjected to magnetic separation after 3 h reaction and washed with water three times. The resulting solid material was then washed with ethanol and dried via a vacuum oven at 50
• C. In order to prepare manganese and cobalt ferrite nanoparticles, an M(II) (Mn or Co)/Fe(II) 1:9 mixed metal salt solution was used as the starting solution instead of pure FeCl 2 solution. The remainder of the synthesis procedure is identical to that used for the synthesis of the magnetite nanoparticles. For the purpose of comparison, eight kinds of magnetic nanoparticles were prepared and their detailed preparation conditions are shown in table 1.
Quantification of amino groups on the surface of magnetite nanoparticles
The number of amino groups on the surface of magnetite nanoparticles was determined by the TNBS method [6f] . Magnetite nanoparticles were redispersed in 4% NaHCO 3 (pH 8.5) in a concentration of 0.5 mg ml −1 . 1 ml of nanoparticle dispersion was mixed with 2 ml of TNBS solution (4.0 μmol ml −1 in 4% NaHCO 3 ), and the mixture was shaken at 400 rpm for 1 h at 40
• C in the dark. The nanoparticles were then isolated by magnetic separation. Two aliquots of 0.9 ml of the supernate were extracted; one was added to 0.1 ml of a 40 μmol ml −1 solution of valine in 1% trichloroacetic acid aqueous solution (A 1 ), and the other was added to 0.1 ml of pure trichloroacetic acid (1%) (A 2 ). Both of these samples were incubated at 40
• C in the dark for 1 h and finally diluted with 11 ml of HCl (0.5 M). The absorbance of the two solutions at 410 nm was measured and A = A 1 − A 2 was used to calculate the surface amino group densities relative to a TNBS reference that was treated in the same manner as described above, using water instead of the nanoparticle dispersion.
Nanoparticle-mediated cytotoxicity
2 × 10 5 HeLa cells were seeded into 96-well tissue culture plates in a total volume of 90 μl of complete media and kept there for 24 h. After that 10 μl of the nanoparticle solutions were added to the cells at different concentrations (50, 100, 150 and 200 μg ml −1 ), incubated for 24 h at 37
• C in a humidified incubator maintained at 5% CO 2 , and the cell viability was assessed by the 3-(4,5-dimethylthiazol)-2-diphenyltetrazolium bromide (MTT) test.
Characterization methods
UV-visible absorption spectra were measured using a CARY 50 UV-visible spectrometer (Varian, USA). Transmission electron microscope (TEM) and selected area electron diffraction (SAED) measurements were made using a HITACHI H-8100 EM with an accelerating voltage of 200 kV. X-ray diffraction (XRD) patterns were recorded using a Rigaku-Dmax 2500 diffractometer equipped with graphite monochromatized Cu Kα (λ = 0.15405 nm) radiation at a scanning speed of 4
• min −1 in the range from 20
• to 70
• . Fourier transform infrared (FT-IR) spectra were recorded using a Bruker Vertex 70 FT-IR spectrometer in transmission mode. Energy dispersive x-ray spectroscopy (EDX) analysis was carried out using an EDAX, Genesis 2000. X-ray photoelectron spectroscopy (XPS) measurements were performed using an ESCALAB-MKII spectrometer (VG Co., UK) with Al Kα x-ray radiation as the x-ray source. Magnetic hysteresis (M-H ) loops were collected using a Quantum Design superconducting quantum interference device (SQUID) magnetometer (LakeShore 7307) at 300 K. Thermogravimetric analysis (TGA) curves were obtained using a Perkin-Elmer thermogravimetric analyzer (Pyris) with the temperature ranging from 25 to 800
• C under a stable N 2 flow and with a heating rate set at 10
• C min −1 .
Results and discussion
The effect of synthesis conditions on the formation of amino-functionalized magnetic nanoparticles
TEM observation of sample 1 (1:1 Fe 2+ /arginine molar ratio) shows that the nanoparticles possess a spherical shape with sizes ranging from 18 to 26 nm (figure 1(a)). Sample 2 (1:2 Fe 2+ /arginine molar ratio) has a similar morphology to sample 1, but has a much smaller size distribution ranging from 9 to 15 nm ( figure 1(b) ). The bottom inset in figure 1(b) shows the SAED pattern of sample 2. All the rings are clear and well-defined, which reveals nanocrystallinity of relatively uniform crystallite size [19] . The phase purity of sample 2 was investigated using XRD ( figure 1(c) ). The XRD pattern shows peaks assigned to the (311), (400), (511), and (440) planes of a face-centered cubic (fcc) lattice of iron oxide [16] . The sharp and intense peaks indicate good crystallinity of sample 2. The XRD pattern matches well with standard magnetite reflections and no evidence of impurities can be found. Decreasing the Fe 2+ /arginine molar ratio from 1:1 to 1:2 greatly reduces the nanoparticle size, which is similar to the trend observed as the concentration of polyelectrolyte [14] and DDA [16] used in nanoparticle synthesis is increased. The hydrolysis of the iron ion is accelerated in the presence of the amine matrix and it proceeds readily without the addition of a base due to the alkaline environment provided by the amine [16] . Hence, the presence of arginine may promote the nucleation and inhibit the growth of the magnetite nanoparticles. As a result, the size of magnetite particles is smaller at higher arginine concentration. To further explore the effect of the Fe 2+ /arginine molar ratio, experiments were also conducted at molar ratios of 1:0.5 and 1:4. It is found that magnetite nanoparticles cannot be obtained at these conditions, and the products are amorphous aggregates with a yellow-orange color (figure S1a, available at stacks.iop.org/Nano/20/465606). XRD measurement reveals that these products are mainly composed of Fe(OH) 3 , as well as trace FeOOH (JCPDS card No. 18-0639) (figure S1b, available at stacks.iop.org/Nano/20/465606). These results indicate that the Fe 2+ /arginine molar ratio is an extremely important parameter in the formation of magnetite nanoparticles. To reveal the formation mechanism of the magnetite nanoparticles in detail, experiments were conducted at 15
• C using different reaction times. The representative TEM images of the products prepared at certain reaction time intervals are shown in figure 2 . Time-dependent experiments reveal that magnetite nanoparticles can be obtained when the reaction time is 1 h (sample 3). Nanoparticle sizes of 4-8 nm are observed for sample 3 (figure 2(a)), which is much smaller than the nanoparticles after a 3 h reaction ( figure 1(b) ).
Magnetite nanoparticles obtained at 6 h (sample 4) cover the size range 9-18 nm (figure 2(b)) and show similar morphology to sample 2 ( figure 1(b) ). Comparison of sample 2 with 4 shows that the particle size does not increase with the increase of reaction time from 3 to 6 h. These observations indicate that Ostwald ripening probably plays an important role in the formation of magnetite nanoparticles [13a] . The effect of reaction temperature on the formation of magnetic nanoparticles was also investigated. TEM images of samples obtained at 50 (sample 5) and 80
• C (sample 6) are revealed in figure 3 . Needle-like nanoparticles are observed besides spherical nanoparticles, indicating the coexistence of two kinds of magnetic nanoparticles. The spherical nanoparticles cover the size range of 7-11 nm for sample 5 and 7-15 nm for sample 6. The size of needle-like nanoparticles with lengths of 30-80 nm and widths of 4-10 nm is much greater than that of the spherical nanoparticles. The needle-like nanoparticles may be maghemite (γ -Fe 2 O 3 ) formed by oxidation of Fe 3 O 4 nanoparticles. XRD measurements were also conducted to characterize these two samples; however, it is hard to distinguish the presence of γ -Fe 2 O 3 because both Fe 3 O 4 and γ -Fe 2 O 3 possess the inverse spinel structure and have similar XRD patterns. The XPS spectrum of sample 5 was presented in figure S2 (available at stacks.iop.org/Nano/20/465606) and the Fe 3p spectrum of sample 5 was analyzed in detail using the least-squares peak fitting program. The two peaks at higher binding energy derived from the shape of the Fe 3p spectrum represent the ferric iron contribution of sample 5, while the peak at lower binding energy corresponds to the ferrous iron contribution (figure S2b, available at stacks.iop.org/Nano/20/465606). The peak intensity ratio could be used to calculate the molar ratio of ferrous to ferric in iron oxides [18] . The ferrous/ferric molar ratio is found to be 0.26 in sample 5, which is far from the ferrous/ferric stoichiometry of 0. [13b] . Therefore, the needle-like nanoparticles are temporarily designated as γ -Fe 2 O 3 , formed by partial oxidizing of magnetite nanoparticles under heating conditions.
To study the effect of atmospheric oxygen on the formation of magnetite nanoparticles, we have performed a reaction in the absence of nitrogen gas using a 1:2 Fe 2+ /arginine molar ratio. In this case, no magnetite nanoparticles are formed and the product is amorphous with a yellow-orange color. Hence, the protection of nitrogen gas is a prerequisite for the formation of magnetite nanoparticles. The effect of atmospheric oxygen on the formation of magnetite nanoparticles, in our case, is inconsistent with the literature in that there was no formation of magnetite nanoparticles in the presence of nitrogen gas [14] . This may be attributed to a different reaction mechanism. Si et al prepared magnetite nanoparticles of nearly uniform size by precipitating ferrous ions in the presence of two different polyelectrolytes at high pH (∼13) [14] . Fe 2+ was first mixed with polyelectrolyte to form an ion-polymer complex, and then NaOH was added to precipitate the ion-polymer complex and obtain magnetite nanoparticles [14] . The author found that magnetite nanoparticles could be obtained in the presence of air after NaOH was added, while magnetite nanoparticles were not available in the presence of nitrogen gas after NaOH was added. Moreover, when the above-mentioned solution was exposed to air again, the color changed to brown and it precipitated immediately. In our case, arginine served as both alkali and complex builder, and the formation of ion-arginine complexes and their precipitation happened nearly simultaneously after the addition of arginine into the FeCl 2 solution. The precipitation of preformed ion-polymer complexes may require the involvement of atmospheric oxygen during the process of formation of magnetite nanoparticles in the Si et al method [14] . Nevertheless, this is not the case for the concurrent occurrence of complexation and precipitation, which requires the protection of nitrogen gas in the formation of arginine-stabilized magnetite nanoparticles. To explore the effect of the type of amino acid, lysine (another alkaline amino acid) was used. Experiments were conducted using a series of Fe 2+ /lysine molar ratios (1:1, 1:2, 1:4, 1:7) under the same conditions as the synthesis performed for in the presence of arginine. Unfortunately, no magnetite nanoparticles are obtained using lysine, and the products are also amorphous with a yellow-orange color. The pH of each amino acid solution has been summarized in table S1 (available at stacks.iop.org/Nano/20/465606). One can see that the pH of arginine solution is bigger than that of lysine solution at the same concentration. This can be explained by the fact that the former has an extra strong alkaline group (guanidino group) compared with the latter. Arginine and lysine with different structures and reaction conditions are linked to different reaction mechanisms; hence, the reaction products are significantly different from each other. It seems that the pH of the amino acid solution plays an import role in the formation of magnetic nanoparticles. Comparative trials were also conducted by substituting arginine solutions (20 and 40 mM) with pure NaOH solutions of the same pH, respectively. It was observed that no magnetite nanoparticles can be obtained using NaOH. This indicates that the presence and concentration of arginine are the decisive factors in the preparation of magnetite nanoparticles.
Characterization of amino-functionalized magnetic nanoparticles
Figure 4(a) shows representative XPS spectra of sample 2. The photoelectron peaks at 711.5 and 725.2 eV are the characteristic doublets of Fe 2p 3/2 and 2p 1/2 core-level spectra of iron oxide, respectively, which is consistent with the oxidation state of Fe in Fe 3 O 4 [20] . It is known that the binding energy of N 1s will shift to lower values by 1-3 eV when nitrogen is bound to metals, due to a transfer of electron density from nitrogen to metals [21] . The presence of a broad N 1s peak at 399.5 eV in the XPS spectra of sample 2 indicates that the nitrogen from the arginine does not coordinate with the magnetite nanoparticles [16] . The FT-IR spectroscopy of sample 2 is shown in figure 4(b) . The strong IR band at ∼580 cm −1 is characteristic of the Fe-O vibrations, while arginine coating is confirmed by the N-H stretching at ∼3401, the C=O stretching at ∼1630, and the C-O stretching at ∼1400 cm −1 [17d] . The wide differences between the asymmetric and symmetric stretching of carboxyl groups in arginine-stabilized Fe 3 O 4 , ν a−s = 230 cm −1 , were observed in the range of 230-245 cm −1 , corresponding to the unidentate complexing of carboxyl group with metal cation [17b] . The bands at 887, 1022, 1155 and 1220 also match well with that from pure arginine (figure S3a, available at stacks.iop.org/Nano/20/465606), also confirming the existence of arginine molecules on nanoparticle surfaces. Therefore, it can be conclude that magnetite nanoparticles are stabilized by arginine through carboxyl group-iron cation complexation. The attachment of the arginine to the magnetite particle surface was further investigated by means of TGA. TGA thermograms of samples 1 and 2 show a continuous weight loss in the temperature range of 240-550
• C ( figure 4(c) ), which is the range of decomposition temperature for pure arginine (figure S3b, available at stacks.iop.org/Nano/20/465606). The weight losses of samples 1 and 2 are 2.01 and 2.67%, respectively. The percentage of weight loss of magnetites prepared at high arginine concentration is more than that formed at low concentration, and this is in accordance with literature results [14] . The nanoparticles with smaller size have larger surface area that can adsorb more arginine on the surface, and hence, the percentage of weight loss is greater [14] . The TNBS method was used to determine the number of amino groups on the surface of amino-functionalized magnetite nanoparticles. The procedure consisted of the reaction of nanoparticles with an excess of TNBS and the back-titration of the excess amount of the TNBS. The surface amine densities of samples 1 and 2 are calculated to be 5.60 and 7.84 μmol mg −1 , correspondingly. This agrees with the result deduced by TGA and is comparable to the surface amine density on aminophosphonic acid modified magnetite nanoparticles [6f] . To evaluate the cytotoxicity of arginine-stabilized Fe 3 O 4 nanoparticles, an MTT assay was performed on the human cervical HeLa cancer cell line as previously reported [6e, 6f] . Cells were incubated with various concentrations of the nanoparticles up to 200 μg ml −1 . After 24 h of incubation, no significant reduction in cellular viability was detected, the survival rate being higher than 89%, even at the highest nanoparticle concentrations ( figure 4(e) ). Little or practically no difference was observed between the cytotoxicities of samples 1 and 2. These results show that arginine-stabilized Fe 3 O 4 with good biocompatibility is suitable for biomedical applications.
To characterize the magnetic property of arginine-capped magnetite nanoparticles, samples 1 and 2 were studied using a SQUID magnetometer at 300 K. The plots of magnetization versus magnetic field at 300 K are illustrated in figure 4(d) . Neither coercivity nor remanence was observed, indicating their superparamagnetic nature at room temperature. From the M-H loops, the saturation magnetization (M s ) was determined to be 51.7 and 39.9 emu g −1 for samples 1 and 2, respectively. This agrees with the fact that the magnetization of small particles decreases as the particle size decreases [16] . In addition, saturation magnetizations of our samples are comparable to those of similarly sized nanoparticles prepared by the solvothermal method [5] . To examine the colloid stability of arginine-stabilized magnetite nanoparticles, sample 2 (2 mg) was dispersed in water (10 ml) by sonication.
The well-dispersed suspension remained stable for more than 20 h without any aggregation or precipitation, demonstrating good water solubility mainly due to the formation of hydrogen bonds between the amino groups and water [5] . From the experimental results, it is clear that these magnetic nanoparticles may be employed in biomedical imaging, diagnostics, and therapeutics due to their good biocompatibility, excellent colloidal stability, high saturation magnetization and surface-bound amino groups. in the classical Massart method [6a] . Hence, the formation mechanism of the coprecipitation of Fe 2+ and Fe 3+ ions with an alkali does not apply to our case. It has been summarized that magnetite nanoparticles can be formed from controlled oxidation of a Fe 2+ ion solution according to the following equations [14] :
The mechanism of formation of amino-functionalized magnetic nanoparticles
According to the equation (2), the formation of magnetite nanoparticles requires the presence of atmospheric oxygen. However, in our case, magnetite nanoparticles cannot be obtained in the presence of atmospheric oxygen, so they cannot be formed following equation (2) . Lately, aminestabilized aqueous colloidal iron oxide nanoparticles have been prepared by precipitating Fe 2+ ions in a N 2 atmosphere with DDA [16] . The amine-based chelation and subsequent reduction has been proposed as the reaction mechanism for θ 8 Figure 5 . TEM images of samples 7 (a) and 8 (b). XRD patterns (c), EDX spectra (d), and hysteresis loops (e) at 300 K of samples 7 and 8.
the synthesis of iron oxide nanoparticles using DDA [16] . Inspired by the literature and taking into account the specific case of our experiment, we propose the following reaction mechanism. The reaction process involves a proton abstraction from Fe(II)-arginine to yield Fe(III)-arginine species. Then, Fe 3 O 4 may originate from the Fe 2+ /Fe 3+ chelates reduced by arginine with the oxygen originating from the OH ligand in a N 2 atmosphere. Moreover, Fe 3 O 4 -amino/guanidino complexes may transiently exist in the formation of argininestabilized magnetite nanoparticles. However, carboxyl groups of arginine will finally replace amino/guanidino groups to yield carboxyl-capped magnetite nanoparticles due to their strong affinity for the magnetite nanoparticle surface.
Therefore, arginine provides both electrostatic and steric repulsion against nanoparticle aggregation [17d] . On the basis of the aforementioned discussions, it seems that magnetic nanoparticles might be formed following equation (1) . However, the reaction mechanism of nanoparticles from a single precursor Fe 2+ to Fe 3 O 4 is still not very well understood and needs to be further investigated in the future.
Preparation of manganese and cobalt ferrite nanoparticles
The general applicability of this method for preparing ferrite magnetic nanoparticles was also investigated. Manganese and cobalt ferrites with spinel-type structure show also a high magnetization value and have been chosen for obtaining new ferrofluids for applications in electronic devices, information storage, MRI, and drug-delivery technology [8b, 10a, 12c, 22] . Using a similar synthesis procedure, we were able to synthesize nanoparticles of two metal ferrites. Mixed salt solutions were used instead of pure iron chloride (FeCl 2 ) in the experiments. TEM images of manganese and cobalt ferrite nanoparticles are presented in figure 5 . Spherical manganese ferrite nanoparticles with sizes ranging from 10 to 19 nm ( figure 5(a) ), and cobalt ferrite nanoparticles with sizes ranging from 8 to 14 ( figure 5(b) ) are observed. The crystalline structures of manganese and cobalt ferrite nanoparticles were characterized by means of XRD. As shown in figure 5(c) , the XRD patterns indicate their spinel-type crystalline structure and no evidence of impurities can be found. EDX analysis was also conducted to determine the chemical composition of the manganese and cobalt ferrite samples ( figure 5(d) ). Results from EDX spectra show that samples contain Mn and Fe for manganese ferrite nanoparticles and Co and Fe for cobalt ferrite nanoparticles. The atomic ratio of Mn/Fe for manganese ferrite is 1:13.32, and an analogous Co/Fe ratio of 1:11.72 is observed for the cobalt ferrite (tables S2 and 3, available at stacks.iop.org/Nano/20/465606). However, the evidence for the presence of Co in cobalt ferrite is we suspect due to the superposition of Fe and Co in the EDX spectrum. Cobalt ferrite nanoparticles were further characterized by XPS. The photoelectron peak at 782.1 eV corresponding to the Co 2p strongly confirms the existence of Co in the cobalt ferrite ( figure S4, available [8b] . The magnetic properties of the ferrite nanoparticles were also investigated with a vibrating sample magnetometer. Figure 5 (e) shows the magnetization curves measured at 300 K for manganese and cobalt ferrite nanoparticles. Neither coercivity nor remanence was observed, indicating their superparamagnetic nature. The magnetic saturation values are 37.1 emu g −1 for the manganese ferrite and 34.0 emu g −1 for the cobalt ferrite. The colloid stability of manganese and cobalt ferrite samples was also characterized and showed high water solubility similar to that of magnetite nanoparticles.
Conclusion
We presented a facile and green route for preparing aminofunctionalized magnetite nanoparticles from the reaction of FeCl 2 with arginine under ambient conditions. The particle size can be controlled by varying the Fe 2+ /arginine molar ratio and the reaction duration.
The composition and morphology of magnetic nanoparticles are greatly influenced by the reaction temperature. Arginine-based chelation with subsequent reduction is proposed as the formation mechanism for magnetite nanoparticles. Our synthesis strategy offers several advantages over other traditional routes with respect to the technical applications of magnetic nanoparticles. First, our strategy allows the production of biocompatible, highly watersoluble, and amino-functionalized magnetic nanoparticles without post-synthesis treatment. Second, the synthesis process is economical and green. Cheap and nontoxic reagents react in an aqueous medium, which makes this process amenable to large-scale reaction implementation for industrial needs. Third, the current synthesis method can be generalized to the synthesis of manganese and cobalt ferrite nanoparticles. Moreover, the nanoparticles can be conjugated to biological macromolecules, such as peptides, proteins, and nucleic acids, because of their surface amino groups, which will greatly expand their applications in biomedical fields, such as MRI, drug delivery and biosensing.
